Introduction
Owing to limited reserves and the "footprint" of fossil fuels, the development of sustainable energies in our societyi sr equired. Solar energy,a sa na ttractive sustainable energy source,i sa bundant and clean. Converting solar energy into solar fuels (e.g.,H 2 ,C H 4 ,C O) from stable and abundants ubstrates (e.g.,H 2 O, CO 2 )i sa ni mportant strategy to implement sustainable energy conversion and storage. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Dye-sensitized solar fuel devices (DSSFDs) constitute ak ind of photoelectrochemicalcell [11, 12, [14] [15] [16] [17] based on large band gap semiconductors sensitized with molecular dyes and catalysts fors olar fuel production. [1, 9, [18] [19] [20] [21] [22] [23] [24] For an efficient DSSFD, photocurrent match between the photocathode and photoanode is desirable. The photoanode has been intensively investigated and rapidly developed, [1, [25] [26] [27] [28] [29] [30] with ar ecord high photocurrentd ensity of 3mAcm À2 at pH 8. [26] However, the progress in the production of aw orkingp hotocathode is still unsatisfactory, [31] [32] [33] which causest he performance of the final DSSFD to be less than ideal. [34, 35] The way that the photosensitizer and catalyst are arranged on the electrode definitely affects the performance of the photocathode. Most of the reported photocathodes based on the dye/catalyst concept adopt the co-sensitization method reported by Sun and co-workers, [34, 35] which is beneficial for intimatei nteraction between dye and catalyst, andiss ynthetically simpler. However,t he co-sensitized catalysts occupy partial sites of the semiconductor surface and are also are near the electrode surface, probablyl eadingt oi nsufficient dye loadings as well as fast recombination between the injected holes in the semiconductor and electrons in the reduced catalyst, which could limit the obtainable photocurrent. Wu and coworkers reported ac oordination linkageb etween aR ud ye and ac obaloxime catalyst on NiO films with an atomic-layerdeposited (ALD) Al 2 O 3 coating, which solves someo ft he aforementioned issues. [32] However,t he axial coordination bond of ap yridine group on the cobaltc enter could become unstable upon reduction. [36] Wasielewski and co-workersr ecently reported as trategy using ALD Al 2 O 3 to protect the dye on NiO for use as ap hotocathode forp hotodriven hydrogen evolution, which increased the stability of the dye under aqueous conditions. [37] Subsequently,Meyer and co-workers reported aphotocathode with a" donor-dye-catalyst" assembly on NiO for water reduction with ap hotocurrent density of À56 mAcm
À2
and aF aradaic yield of 53 %. [38] Herein, we reportacovalently linked dye-catalyst system on ap hotocathode for H 2 evolution. The study of such ac ovalent system would be beneficial for our understanding of the different interfacial electron transfer processes, and for comparison with other systems, which would guide us in the design and Ac ovalently linked organic dye-cobaloxime catalysts ystem based on mesoporous NiO is synthesized by af acile click reaction for mechanistic studies and application in ad ye-sensitized solar fuel device. The system is systematically investigated by photoelectrochemicalm easurements, density functional theory,t ime-resolved fluorescence, transient absorption spectroscopy, andp hotoelectrons pectroscopy.T he results show that irradiation of the dye-catalyst on NiO leads to ultrafast hole injection into NiO from the excited dye, followed by af ast electron transfer process to reduce the catalyst. Moreover,t he dye adopts different structures with different excited state energies, and excitation energy transfer occurs between neighboring molecules on the semiconductor surface. The photoelectrochemical experiments also show hydrogen production by this system. The axial chloride ligands of the catalysta re released during photocatalysis to create the active sites for proton reduction. Aw orkingm echanism of the dye-catalyst system on the photocathode is proposed on the basis of this study.
development of more efficient photocathodes in the future. With this motivation in mind, we searched for am ethod for facile linkage of the dye and catalystf or NiO sensitization. In 2013, Artero and co-workersr eported the immobilization of ac obaloxime (also named as cobalt diamine-dioxime) catalyst ( Figure 1 ) on carbonn anotubes through a" click" reactionf or electrocatalytic hydrogen production. [39] This would provideu s with au seful buildingb lock and inspired us to build up ap hotoactive dye-catalyst system by click chemistry.I nterestingly, during the preparation of our manuscript, as imilar but different system was reported by Artero and co-workers, [40] in which the cobaloxime catalyst was linked with dyes through the acceptor unit. In our system,wep ut the catalyst near the acceptor group and also carriedo ut more mechanistic studies of the covalently linked dye-catalyst system.F igure 1s hows the molecular structures of the compounds used in this study. PB-1 is the dye compound without the catalystl inked, in which carboxylate is employed as an anchoringg roup, the triphenylamine (TPA) unit acts as an electron donor,d icyanovinyli su sed as the electron acceptor, and dibenzylcyclooctyne (DBCO)i si ntroduced in the reaction site for posterior catalyst linkage. PB-2 is the dye-catalyst compound synthesized by the Cu-free click reaction between PB-1 and the cobaloxime-azide catalyst (Co-N 3 ). The in situ click reactiono fPB-1 with Co-N 3 on NiO, denoted as [PB-2],w as also carried out for comparison with PB-2 synthesized before attachment to the NiO film.
Experimental Section General
Chemicals and solvents were purchased from Sigma-Aldrich and used without further purification unless specified. All the organic reactions were performed under an inert atmosphere of nitrogen, and the prepared chemicals were dried under vacuum.
1 HNMR spectra of the compounds were measured on aJ EOL Eclipse + 400 MHz spectrometer with CD 3 OD as solvent. Chemical shifts are reported in parts per million (ppm) relative to tetramethylsilane by referencing to the residual signal of the deuterated solvent. High resolution mass spectral analyses (HRMS) were performed on ah igh resolution pneumatically-assisted electrospray ionization Fourier transform (FTMS + pNSI) mass spectrometer (OrbitrapXL). UV/Vis spectra were acquired with an Agilent Cary 50 UV/Vis-NIR spectrophotometer.F luorescence spectra were measured on aHoriba FluoroLog instrument in 1cmstandard quartz cuvettes.
Synthesis

Synthesis of PB-1
(Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP;3 8.4 mg, 0.0868 mmol), triethylamine (12 mL, 0.0868 mmol) and dibenzocyclooctyne-amine [41] (DBCO-amine, 2; 24 mg, 0.0868 mmol) were added to the solution of compound 1 [42] (42.7 mg, 0.0868 mmol) in dry DMF under aN 2 atmosphere. The mixture was stirred for 1h at room temperature (RT). The solvent was removed by ar otary evaporator.T he crude product was purified by silica gel column chromatography (60 mesh) using dichloromethane/methanol (DCM/MeOH;9 0:10) as eluent. The obtained red solid was washed three times with am ixture of ethyl acetate and pentane (2:98), to yield PB-1 as ad ark red solid (16 mg 
Synthesis of PB-2
Co-N 3 (50 mg, 0.12 mmol) was added to 15 mL dry acetonitrile solution containing PB-1 (75 mg, 0.1 mmol). The reaction mixture was stirred at RT overnight under aN 2 atmosphere. The solvent was removed under reduced pressure and the crude product was subsequently washed with ethyl acetate/pentane (2:98) and icecold acetonitrile to remove excess dye and unreacted catalyst, affording PB-2 as ar ed powder (75 mg, 65 %y ield). As there is ac hance of forming isomers depending on the triazole substitu- 
Preparation of buffer solutions
Stock solutions of 1 m K 2 HPO 4 and 1 m KH 2 PO 4 were prepared. 1 m K 2 HPO 4 (49.7 mL) and 1 m KH 2 PO 4 (50.3 mL) were mixed and the combined solution was diluted to 1000 mL with distilled water. The pH of the prepared phosphate buffer solution was 6.8. Acetate buffer was prepared by mixing 0.1 Na cetic acid (80 mL) with 0.1 N sodium acetate (120 mL) and the pH was 4.8.
General electrochemical methods
Electrochemical measurements were carried out by using an AUTO-LAB potentiostat and ag eneral purpose electrochemical system (GPES) electrochemical interface (Eco Chemie) with at raditional three-electrode system with Ag/AgNO 3 (10 mm AgNO 3 )a st he reference electrode, glassy carbon as the working electrode, and ap latinum rod as the counter electrode. The compound (0.1 mm) in acetonitrile was used as as olution and 0.1 m tetrabutylammonium hexafluorophosphate (TBAPF 6 )w as employed as supporting electrolyte with as can rate of 100 mV s À1 .F errocene (Fc) was used as reference in the background solution to calibrate the potential of the Ag/AgNO 3 electrode to the normal hydrogen electrode (NHE) by adding E o Fc þ =Fc = 0.63 Vv s. NHE. [43] The E 1/2 of Fc 0/ + was determined by cyclic voltammetry under the same conditions, as the average of the anodic and cathodic peak potentials [E 1/2 = (E pa + E pc )/2].
Preparation of the photocathode
Mesoporous, nanostructured NiO films with at hickness of 3.5 mm on fluorine-doped tin oxide (FTO) substrates were prepared by doctor-blading method using aN iO paste prepared according to ap reviously reported method. [44] .T he active areas of the prepared NiO film were 1cm 2 .S ubsequently,t he NiO films were sensitized by dipping the films into a0 .2 mm methanol solution of PB-1 and PB-2 overnight to form photocathodes. The photocathodes were rinsed with MeOH to remove excess weakly deposited dye on the surface, then dried under an itrogen flow.T he in situ prepared PB-2 on the NiO surface, [PB-2],w as prepared as follows:t he PB-1-sensitized NiO film was dipped into a0 .1 mm acetonitrile solution of Co-N 3 overnight and then the film was washed with acetonitrile to remove excess catalyst and dried under anitrogen flow.
Photoelectrochemical (PEC) measurement
To investigate the molecular photocathode, PEC measurements were carried out in ah ome-made cell set up with two compartments separated by aN afion proton exchange membrane (DuPont Nafion NR211), in which the photocathode was used as the working electrode, Pt foil was introduced as the counter electrode, and Ag/AgCl electrode (saturated KCl) acted as the reference electrode. The area of the photocathode was fixed to 0.5 cm 2 by am etal mask. Aw hite LED PAR38 lamp (17 W, 5000 K, Zenaro Lighting GmbH) was used as al ight source. Before every experiment, the PEC cell was degassed by Ar for at least 15 min.
Hydrogend etection
Hydrogen was detected by using Unisense microsensor.B efore calibration and measurements, the sensor was polarized at + 1000 mV until stable. The calibration was carried out by injecting different volumes of hydrogen-saturated water in ac alibration chamber with known amount of water.
Time-resolvedf luorescence
Time-correlated single photon counting (TCSPC) measurements were carried out by using ap ulsed diode laser source (Edinburgh Instruments EPL470) operating at 470.4 nm with ap ulse full width half maximum (FWHM) of approximately 87.3 ps. An eutral density filter was used to attenuate the beam to obtain photon counts of approximately 1% or less of the incoming light intensity.T he detector used was aH amamatsu MCP-photomultiplier tube R3809U-51 (cooled to approximately À 40 8C), the signal was passed to ad iscriminator (Ortec 9307) and then into at ime-to-amplitude converter (TAC) (Ortec 566, 50 ns time range used). The electrical trigger signal from the laser was also passed through ad iscriminator (Tennelec TC454) and on to the TAC( Ortec 566). The TAC output was read by aD AQ-1 multi-channel analyzer computer card using 4096 channels and collected with Horiba Jobin Yvon DataStation 2.3 software. All measurements were done in reverse mode at 20 MHz and under magic angle polarization. Ac ut-off filter was used to block the scattered excitation light. The instrument response function (IRF) was obtained by using ab lank microscopy glass slide. Fluorescence lifetimes were obtained by iterative reconvolution of the IRF and the collected decay curves, by fitting to am ultiexponential decay model using either in-house scripts or with the help of the SpectraSolve 2.01 software. The streak camera setup used for time-resolved fluorescence measurements has been described previously in detail. [45] Briefly,t he sample was excited at 400 nm by the frequency-doubled output of aT i:Sa oscillator (Coherent Mira 900) with ar epetition rate of 76 MHz. Solutions were measured using a1cm quartz cuvette, and the laser beam was directed into the cuvette close to the cuvette wall on the emission side, thus reducing the efficient cuvette length to 1-2 mm. Films were measured by exciting at an angle of approximately 308.T he excitation energies at the sample were in the order of approximately 15 pJ after removal of residual IR light with aC C8 glass filter.T he emitted light was focused at ar ight angle and passed through a4 35 nm long-pass filter to aB ruker SPEC 250IS spectrograph with approximately 200 nm observation windows, and onto the streak camera (Hamamatsu). The observed time windows for different time ranges were approximately 160 or 2000 ps, and the FWHM of the response functions were approximately 5o r5 0ps, respectively.T he data was processed in Igor Pro 6.37 and fitted to am ultiexponential decay model (up to 2compo-nents) convoluted with aG aussian response function, with the FWHM as af itted parameter,a nd analyzed using in-house global fitting procedures.
Ultrafast laser spectroscopy
The preparation of PB-1 and PB-2 sensitized films (ZrO 2 ,T iO 2 ,a nd NiO) for the femtosecond transient absorption measurements were similar to ones used for the PEC experiments, but with at hinner layer (ca. 1 mm) to have sufficientt ransparency for pump-probe measurements. During the measurements, adrop of propylene carbonate (PC) was added to the sensitized film and covered with at hin glass by capillary force. The absorbance of the sample was [46] Briefly,t he output from aC oherent Legend Ti :Sapphire amplifier (1 kHz, l = 800 nm, FWHM 100 fs) was split into ap ump and ap robe part. The desired pump wavelengths were obtained with aT OPAS-white non-colinear optical parametric amplifier.T he energy of each pulse was controlled to 200 nJ over approximately 3mm 2 .Awhite light continuum was used as the probe and obtained by focusing part of the 800 nm light on am oving CaF 2 plate. The polarization of the pump was set at the magic angle, 54.78,r elative to the probe. Instrumental response time depends on the pump and probe wavelengths but was typically approximately 150 fs. Data analyses were carried out in MATLAB (The MathWorks, Inc.), with ar obust trust region reflective Newton nonlinear-leastsquares method used for the fits of time traces. Traces (DA vs. t) were fitted to as um of exponentials convolved with aG aussian shaped response. Also included in the fits is an artifact signal that is due to the cross phase modulation during pump and probe overlap. All spectra are chirp corrected in the white light probe. The time zero was set at the maximum pump-probe temporal overlap.
Photoelectron spectroscopy
Hard X-ray photoelectron spectroscopy (HAXPES) measurements were carried at the photon source BESSY II (Helmholtz Zentrum Berlin, Germany) at the KMC-1 beamline [47] using the HIKE end-station. [48] The end-station was provided with au sable photon energy range from 2keV to 12 keV.T he photon energy was selected by using ad ouble-crystal monochromator (Oxford-Danfysik) and the photoelectron kinetic energies (KE) were measured using aM odel R4000 analyzer (Scienta) optimized for high kinetic energies. In this work, ap hoton energy of 2100 eV was used by selecting the firstorder light from aSi(111)crystal. Overview spectra (see the Supporting Information, Figure S13) were measured with ap ass energy (E p )o f5 00 eV and the core level peaks with an Ep of 200 eV.T he spectra presented in this work were energy calibrated versus the Fermi level at zero binding energy,w hich was determined by measuring ag old plate in electric contact with the sample and setting the Au 4f 7/2 core level peak to 84.0 eV after curve fitting. The core-level spectra were all intensity normalized versus the background at the lower binding energy side. Overview spectra are normalized to the background value at 525 eV.
Result and Discussion
Synthesis
The copper-free click reaction [49] wasa dapted to make the linkage between the dye core and the catalyst owing to its moderate reaction conditions. The synthetic routes of PB-1 and PB-2 are depicted in Scheme1.C ompound 1 andD BCO-amine (2) were synthesized by following the reported literature method. [41, 42] Condensation between compound 1 and DBCOamine afforded PB-1 by using ac ondensingr eagent [benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate] in dry DMFs olutionu nder an itrogen atmosphere. The couplingr eactiony ielded both mono-a nd di-coupled products in 25 %a nd 28 %y ield, respectively.O ther coupling reagents,s uch as N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), dicyclohexylcarbodiimide (DCC), and 1-hydroxybenzotriazole hydrate (HOBt),w ere also tested for this reaction, but none of them were suitable because they yielded inseparable product mixtures. The reactionb etween the azide unit and DBCO resulted in am ixture of two isomers (the 1,5-and the 1,4-disubstituted tetrazoles), which were difficult to separate. To monitor the reactionr ate of PB-1 with Co-N 3 ,U V/Vis spectra of the reaction mixture of PB-1 (40 mM) and Co-N 3 (100 mM) in drya cetonitrile were recorded as af unction of reactiont ime (see Figure 2a) . The spectrum was measured every 30 min by keeping the reaction mixture at room temperScheme1.Synthetic procedures for the preparation of compounds PB-1 and PB-2. ature with stirring. The peak absorbance at 310 nm gradually decreased as the reaction between PB-1 and Co-N 3 proceeded, which is assigned to the structuralc hange of the cyclooctyne of PB-1 into the triazole. [50] The reactionw as therefore completed within 6h when the absorbance at 310 nm reached ap lateau.B yk inetically fitting the absorption data to second order reactionk inetic modela ccording to Equation (1), we obtained arate constant, k = 3s Figure 2b ). It was difficult to obtain the reaction rate constant of the in situ click reaction on NiO due to the overlap between the absorption of cyclooctyne and the strong absorption of NiO in the UV region.
Equation (1) represents the second-order analysis of the click reactioni ns olution, in which, ½PBÀ1 0 and ½PBÀ1 t are the initial concentration and concentration at time t of PB-1,r espectively. ½CoÀN 3 0 and ½CoÀN 3 t are the intinalc oncentration and concentration at time t of Co-N 3 ,r espectively. A 0 and A t are the initial absorbance and absorbance at time t,r espectively.a t 310 nm. A max is the final absorbance at 310 nm.
Optical properties
The absorption spectra of the compounds in methanols olution and on aN iO film are shown in Figure3 and the corresponding physical and electrochemical properties are summarized in Ta ble1.W eo bserved ac haracteristicb and in the highenergy region with an absorption maximum at 310 nm, which we attributed to the strained cyclooctyne ring. In the case of PB-2,t he characteristic band at 310 nm was absent,a se xpected, confirming the formation of the triazole ring after click reaction. Dyes PB-1 and PB-2 both show only one broad emission in methanol (500-800 nm), with very similar emission maximaa t6 84 and 689 nm, respectively.H owever,t he fluorescence of PB-2 is quenched by 40 %c ompared to that of PB-1 in solution under the same conditions ( Figure S1 ). The detailed fluorescences tudy of dyes on films will be described and discussed in sections on time-resolved fluorescencea nd transienta bsorption spectroscopy.T he absorption spectra of both compounds bound to NiO films are essentially the same as the solution spectra in terms of the shapea nd position of the bands, and the absorption spectrum of [PB-2]/NiO record- 
Electrochemical properties
The electrochemical properties of PB-1 and PB-2 were investigated by cyclic voltammetry (CV) in acetonitrile ( Figure 4 ). Both PB-1 and PB-2 show reversible oxidation peaks corresponding to the oxidation of the triphenylamine moieties, at 1.40 and 1.41 Vv s. NHE, respectively,w hich suggestst hat triazole ring formation does not have any effect on the potential for oxidation of the dye core. There is also no significant difference betweent he potentials for reductiono ft he dye core between PB-1 and PB-2.F or PB-2,t here are two additional reductionp eaks at 0.01 Va nd À0.32 Vv s. NHE, which we assigned to the reduction of Co 3 + to Co 2 + (E Co 3þ=2þ )a nd Co 2 + to Co 1 + (E Co 2þ=1þ ), respectively.T he pure catalyst Co-N 3 shows the corresponding peaks at 0V and À0.42 Vv s. NHE instead. E Co 2þ=1þ in PB-2 is shiftedt oapositivep otential as compared to that in pure catalyst probably owing to the ligand modification. Using the potentials E S=S þ and E S=S À and the excited state energy (E 0-0 ,T able 1) we can estimate values for the excited state potentials E S * =S À and E S * =S þ for the dyes and obtain an initial estimation of the feasibility of processes of excited state hole injection, dye regeneration by the catalyst, and catalyst reduction by the excited dye. The E ox or E S * =S À of the dyes are much more positive than the energy level of the NiO valence band (VB), approximately 0.5 Vv s. NHE, [51] whicht hermodynamically facilitates hole injection from the excited/oxidized dye to the NiO VB. The E red or E S * =S þ potentials of PB-2 are more negative than the potential for the two first reductions of the catalyst Co-N 3 ,w hich suggests that both the reduced and excited dye can affect the catalystreduction.
Theoretical calculations
Densityf unctional theory (DFT) calculations were carried out to gain insighti nto the possibility of intramolecular charge transfer (ICT) in PB-1 and PB-2.O ptimized gas-phase geometries were calculated at the B3LYP/6-31G(d)l evel using the Gaussian09 rev.A .02 software. [52] From the calculation of the electron distribution of the HOMO and LUMO orbitals of the dye core (F igure 5) it can be observed that a p-p*t ransition mainly takes place between the electron donor (TPA) and electron acceptor (malononitrile) units in both PB-1 and PB-2 as the first ICT process on the dye core. In PB-2,t here is no electron transfer from TPAt ot he catalyst in the HOMO!LUMO transition, because there is no conjugated linkage between TPAa nd catalyst. However, the catalysti saspatially close electron acceptor, and therefore, it is expected to perform the secondary ICT process from the electron-concentrated acceptor to the catalyst.
Time-resolvedf luorescence
To further elucidate the ICT processes in PB-2 experimentally, the fluorescencel ifetimes of the PB-1 and PB-2 bound to dif- 
[f] [43] [f] The excited state potentials were estimatedf rom E 0-0 and the recorded potentials by using CV,a ccording to the following: Figure 6a and the correspondingd ata in Figure 6b .T he sensitized ZrO 2 samples were used as an onquenching reference as ZrO 2 has ab and gap 5.4 eV;t herefore, thermodynamically,n either PB-1 nor PB-2 can inject either holes or electrons into it. We measured the emissiond ecay of PB-1 and PB-2 on ZrO 2 to calculate the ICT efficiency (h ICT ). After fitting the data to ab i-exponential decay, we obtained for PB-1 on ZrO 2 t PB-1=ZrO 2 the lifetimesand relative amplitudes of t 1 = 1.29 ns (73 %) and t 2 = 3.41 ns (27 %), which gives aw eighted average photoluminescence lifetime of 1.9 ns. When PB-2 is sensitized on ZrO 2 ,t he emissioni sg reatly quenched and its lifetime( t PB-2=ZrO 2 )i se ssentially responsefunction-limited, and is therefore estimated to be less than 30 ps according to Equation (4), indicating that an efficient secondary ICT process takes place involvingt he cobaloxime unit. With an upper limit of t PB-2=ZrO 2 = 30 ps and using Equation (2), the h ICT of PB-2 was determined to be up to 98 %, which is near unity and much highert han that in solution (40 %), probably owing to the different chemical environment and different dye geometry in solutiona nd on the surface. Because the followingp hotoelectrochemical( PEC) experiment would be carried out on NiO, and to afford an insighti nto hole injection (HI) from the dye to the VB of NiO, the photoluminescence (PL) lifetimeo fPB-1 on NiO; t PB-1/NiO was also measured, showing again av alue close to the instrumental resolutiono fa pproximately 30 ps. The interfacial hole injection efficiency (h HI ) and lifetime (t HI )f rom dye to NiO are determined to be up to 98 %a nd 30 ps,byu sing Equations (3) and (5):
For the case of PB-2 sensitized on NiO (PB-2/NiO), there are two main charge separation processes after excitation:t he reductiono ft he catalyst by secondary ICT and HI from dye into the NiO VB. Because either of the processes in PB-2/NiO can quencht he PL, the TCSPC data of PB-2/NiO does not give helpful information and is therefore not provided here.
To address the spectrala nd temporal limitations of the TCSPC measurement, we used as treak camerat or esolve these rapid fluorescenced ecaysa nd to understand both the ICT and HI processes.F ortunately,w ec ould resolve the lifetimes of the emission decays of both dyes on ZrO 2 ,a nd the lifetimes of the decay of PB-1 on NiO. From the decay-associated spectra (DAS) obtained by global fitting of time-resolved fluorescence measurementsi nF igure 7a nd Equations (2)- (5), we can confirm the very high calculated h ICT of 92 %a nd a t ICT of approximately 9psi nPB-2/ZrO 2 ,w hen considering the fast component only,and a h ICT of 92 %a nd t ICT of 87 ps, when considering the slow component only.T he slightly lower injection efficiency calculated from time-resolvedf luorescencei nt his way mightb et he result of the under/overestimation of the very fast decaysb yf itting the TCSPC data, which has al ower time resolution. We can resolve two spectral componentsina ll sam- ples. Ar edshift of the emission as af unction of time was observed. This phenomenon could be explained by al arge change in the molecular geometry after excitation, such as as tructural relaxation and as ignificant twistingo fd icyanovinyl in the dye structure. [53] However, in solution (see Figure S2b ), we cannot see the same phenomenon, andf emtosecondd ata on the related "P1" dye suggest am uch faster emissionS tokes shift in both polar and less polar solvents (t = 1-2 ps), [54] which cannotb er esolved by the streak camera measurements. PB-1 was also dissolved in ap oly(methyl methacrylate) (PMMA) matrix, in which large-scale structural changes should be hindered, and as imilar behavior was observedt ot hat on the films (Figure S2 a) . The factt hat the two fitted spectralc omponents exhibit an identical h ICT but different charget ransfer times calculated by using Equation (1) and (3) attracted our attention.T herefore, we propose another explanation for this phenomenon, whichr elies on energy transfer between adjacent dye/catalyst molecules and ad istribution of the excited state energies of the boundd yes. This effectively delays the charge transfer process and shifts the emissiont ol ower energies, as excitation energy migrates preferentially to low-energy sites. We note that the emission spectra in acetonitrile (Figure S2 b) or methanol solutions( Figure S1 ) are much broader (FWHM % 180 nm) than on semiconductor films or in PMMA (FWHM % 100 nm). This is in agreement with heterogeneous broadening,i nw hich the dye adopts different structures already prior to excitation,f or example, owing to cis-trans isomerization of the thiophene-dicyanovinyl bond. In solution,a ll dyes fluoresce independently,b ut at the higherc oncentrations on the surface or in PMMA,h igh-energy dyes transfer energy to low-energyd yes, which leads to the spectral redshift with time. There was significant overlap betweent he absorption and emission bands of both PB-1 and PB-2,w hich suggested aF çrster energy-transfer mechanism that can operate at al arge range of distances. The fact that the amplitudes of the decay-associated spectraa re highero verall for the fast component,t ogether with the fact that the TCSPC traces contain al ong-livedc omponent with av ery low amplitude, constitute another piece of evidencef avoring intermoleculare nergy transfer,w ith the redshifted emission originating from energy transfer to low-energy sites and the lifetime distribution originating fromt he distance dependence of the energy transfer efficiency.Afull investigation of the photophysics of the PB-1 dye is beyond the scope of this study.
The h HI and t HI values of PB-1/NiO were determined by using this technique to be 99 %a nd 1.6 ps (16.36 ps for longer component), respectively.F rom these data, we can conclude that HI from the exciteds tate is the predominant primary process when PB-2 is sensitizedo nN iO, but ICT still competes to some extent (ca. 10 %). 
Transient absorption spectroscopy
To test our conclusion from the time-resolvedf luorescenceand to obtain more detailed charget ransfer kinetics of PB-1 and PB-2 on NiO, femtosecond transient absorption spectroscopy (TAS) measurements were obtained. To distinguish between differentt ransient species, PB-1 and PB-2 were used to sensitize different semiconductor films:Z rO 2 as an on-quenching substrate, as mentioned previously,a nd TiO 2 and NiO for electron and hole injection, respectively.T he transient absorption spectra of PB-1/ZrO 2 and PB-2/ZrO 2 are shown in Figure 8 .
Three main excited-state features can be observed in the earlytime TASo fPB-1/ZrO 2 :a )the ground state bleach (GSB) at approximately 500 nm, whichispartly covered by the pump scattering (l ex = 540 nm);b )stimulated emission (SE) giving an eat negative signal at approximately 630 nm (cf. fluorescence data), the SE peak shows ad ynamic Stokes shift of approximately 10 nm during the initial 2ps; c) excited state absorption (ESA) resulting in three peaks at 420, 565, and 700 nm, respectively,s eparated by the GSB and SE. On at imescale of approximately 100 ps, both the SE and the ESA bands at 420 and 700 nm disappear, and the GSB is strongly reduced. Instead, at approximately 250 ps, an ew transient spectrum with ab road band at 550-650 nm is present, which decaysw ith al ifetime of approximately 1ns. The transienta bsorption trace at 625 nm (Figure 11 )i llustrates the dynamics:a fter ultrafast (< 1ps) relaxation, the absorption rises until approximately 100 ps, and then decaysa gain on a1ns timescale. Both these slower processes match well the fluorescence decay lifetimes in Figure7a, whereas the < 1psc omponent could not be resolved in the fluorescencee xperiment. The more long-lived state is also fluorescent (Figure 7a) . Based on the fluorescence spectroscopy resultsa bove, we attributed the processes to energy transfer on arounda100 ps timescale to conformationally differentd yes with lower excitation energy,w ith weaker and redshifted emission and that decaysp redominantly to the ground state with al ifetime of approximately 1ns. We denote these as "low energy excited states". It is clear from the rapid decay of the 700 nm ESA band (Figure 9 ) that the spectralr elaxation dynamics is not single-exponential. Thisc an be rationalized by the heterogeneouse nvironment andadistribution of intermolecular distances.I na ddition, there is also ultrafastv ibrational/solvent relaxation (ca. 1ps). The results from ag lobal fit of the transienta bsorption data for the ZrO 2 andT iO 2 samples are given in Ta ble S2 and Figures S5-S7.I nt he case of PB-2/ZrO 2 ,t he initial TASw as the same as that on PB-1/ZrO 2 film, but the ESA decay was faster than PB-1/ZrO 2 ( Figure 9 ). After 250 ps there is ap ronounced peak at 625 nm and the isosbestic point at approximately 450 nm is blueshifted,b ut after 1000 ps the 625 nm peak is no longerd istinguishable (Figure 8b) . By comparison with PB-1 on TiO 2 ,w ea ssigned this spectrum to the oxidized dye, resulting from an ICT from the excited dye to the cobaloxime unit on a2 0pst imescale, followed by charge recombination on an approximately0 .5 ns timescale. PB-1 can thermodynamically inject electrons to the conduction band (CB) of TiO 2 ,h ence formingt he oxidized dye. Figure S8 shows the TASs pectra of the PB-1/TiO 2 sample. Indeed, the initial TASa re similar to those for PB-1/ZrO2, but on the 10-100 ps timescale these are replaced by ac lear peak at 625 nm and a4 40 nm bleach that we assigned to the oxidized dye. These spectral signatures agree well with the new specieso bserved in PB-2/ZrO 2 ,w hich supports our conclusion that secondary ICT to cobaloxime occurs in the latter system. The reaction is illustrated by the comparison shown in Figure 11 ,i nw hich the kinetic traces of PB-1/TiO 2 and PB-2/ ZrO 2 probed at 625 nm showa lmostt he same rise process that is completed at approximately 30 ps, owing to excited state electron transfer (to TiO 2 and cobaloxime, respectively), whereas the kinetics for PB-1/ZrO 2 is much slower.
Finally, PB-1 and PB-2 sensitization of the NiO photocathodes, PB-1/NiO and PB-2/NiO, respectively,w as also investigated with TAS. The reactions resolved and their respective rate constantsa re summarized in Scheme 2. Figure 10 presents the TASs pectra of PB-1/NiO and PB-2/NiO, both of which exhibit similar excited state TASa nd the relaxations of af ew picoseconds, as for the other samples. However,a fter approximately 30 ps, av isual comparison of the TASo fPB-1/NiO and PB-2/ NiO show that they present features thata re very different from the excited state (on ZrO 2 )a nd oxidized state PB-1 (on TiO 2 ). The spectrum shows aw eak, broad band at 560-700 nm, rising slightly towards the red part, insteado ft he strong, excited state band in Figure 8ort he clear 625 nm peak in Figure S7 of the oxidized PB-1.B yi nspecting the data in the region dominatedb yt he initial stimulated emission and formation of new species at approximately 625 nm, it is clear that the kinetic trace of PB-1/NiO probeda t6 25 nm shows am uch faster rise than the trace for PB-1/ZrO 2 (see Figure 11) , and also faster than the rise of the oxidized state of PB-2/ZrO 2 and PB-1/TiO 2 . This suggests that ad ifferent species is formedi nPB-1/NiO, which is assigned to the reduced state of PB-1.T he main lifetime for hole injection from PB-1 to NiO is 1.2ps, which is in agreement with the data from the time-resolved fluorescence. This suggests that the initial exciteds tate injects holes into NiO. Indeed, from the TASi nF igures 10 and 8, it is clear that the population of the low-energy excited state is completed earlierb ut with al ower yield than on ZrO 2 ;t he signal at approximately 625 nm reachesamaximum at approximately 3ps on NiO buta ta pproximately 250 ps on ZrO 2 ,a sa lso illustrated by the traces in Figure 11 .T he low-energye xcited state decays faster on NiO than on ZrO 2 ,i ndicating further hole injection from this state, on a3 0pst imescale. The reduced PB-1 shows only weak TASf eatures. Nevertheless, the speciesa ssociated spectra( SAS) from ag lobal, multiexponential fit to each data set ( Figure 12 and Ta ble 2) give evidence for secondary ICT in PB-2/NiO (see also Scheme 2). The first two component lifetimes and SAS show no significant differences, with t 1 = 0.26 Scheme2.The charge separation and recombination processes and the corresponding rate constantso fPB-2/NiO upon light illumination. or 0.28 ps and t 2 = 3.3 or 3.6 ps, respectively.A lthough the lifetimes are much shorter,t he SAS are very similart ot hose for the first three components for PB-1/ZrO 2 ( Figure S5 ). Thus, t 1 and t 2 reflect ultrafaste xcited state relaxation in parallel with hole injection into NiO;t he average of t 1 and t 2 agreesw ell with the fluorescence lifetimed eterminedi nF igure 7e (1.58 ps).T he third component of the SAS for PB-1/NiO (t 3 = 29 ps) and PB-2/NiO (t 3 = 11 ps) is very similar to the 475 ps component for PB-1/ZrO 2 ,w hich was attributedt ol ow-energy excited states. Again,t he lifetimei ss imilar to that for the slow fluorescencec omponent in Figure 7e .T he much shorter lifetime on NiOi ss imilar to that for the slow fluorescence component in Figure 7e ,w hich we attributed to furtherH If rom the low-energy excited states.
The shorter lifetime for PB-2/NiO compared with that for PB-1/NiO can be explained by secondary ICT to the cobaloxime unit in parallelt oh ole injection, consistentwith the results for ZrO 2 above.P resumably,t his is followed by an even faster hole shift from the oxidized dye to NiO. Finally,w eattributed the weak SAS of the t 4 and t 5 componentstot he reduced dye, which recombines with NiO holes in at ypicalm ultiexponential fashion. [53] For PB-2/NiO, t 4 is much shorter than for PB-1/NiO (160 ps vs. 335 ps) and the t 5 SAS has al ower amplitude. We attributed this to electron transfer from the reduced dye core to the cobaloxime catalyst unit, which competes with dye-NiO charger ecombination. The rate constant of dye regeneration by electron transfer to cobaloxime was estimated to (160 ps)
À1
-(335ps) À1 % 3 10 9 s
,t hat is, similar to the recombination rate constant (t 4 )
À1 for PB-1/NiO. However,a st he t 5 component also contributes, and the t 4 and t 5 SAS have asimilar amplitude for PB-1/NiO, we estimated the yield of the cobaloxime reduction to be approximately 75 %. Note that the reduction of the cobaloxime unit itself is not expected to give rise to detectable TASs ignals because of low extinction coefficients of the reduced species. [55] To summarize the resultso ft ime-resolved spectroscopy,f or PB-2/NiO, HI from the excited PB-2 to the VB of NiO occurs on the dual timescales of t % 1psa nd t % 30 ps. The reduced dye is regenerated by electron transfer to the catalyst, forming areduced catalystw ith ar ate constant of approximately 3 10 9 s
,w hich is rapid enough to compete favorably with dyeNiO recombination.
Photoelectrochemical (PEC) study
From the above studies, it is cleart hat the PB-2 sensitized NiO can undergo photoinduced catalyst reduction, which is an importants tep towards protonr eduction.W ec an only detect as ingle electron transfer from the dye to the catalyst in the TASs tudy.H owever,t he cobaloximec atalyst must be reduced twice on the photocathode to form Co I ,w hich eventuallyp erforms ap rotonr eductionr eaction. [56] This process could occur on ap hotocathode upon continuous light illumination. Therefore, we movedo ne step forward to studyt he PEC behavior of PB-1 and PB-2 in ar eal device. The workingp rinciple of the photocathode based on PB-2 for light-driven proton reduction is summarized in Figure 13 .
First, linear scan voltammetry (LSV) of PB-1 and PB-2 on aN iO film was carried out by sweeping the potential from 0.2 to À0.60 V( vs. Ag/AgCl) with chopped light in acetate buffer pH 4.8 ( Figure S9 ). In case of PB-2, light illumination made ac lear photocurrent response with an applied potentialf rom À0.03 to À0.22 V( vs. Ag/AgCl) as compared to PB-1.S ubsequently,t ransientc urrent responses with respectt oc hopped light with a0Vb ias voltage were studied in both pH 4.8 acetate (0.1 m)a nd pH 6.8 (0.1 m)p hosphate buffer solutions ( Figure 14) . PB-2 produces an average photocurrento f1 0mA cm À2 in both buffers, whereas the PB-1 dye produces an almosti ndistinguishable photocurrent under the same experimentalc ondition. From the electrochemical data, the E Co 2þ=1þ (À0.32V)i nPB-2 is not sufficiently negative to reduce protons in ap H6.8 solution (E H þ =H 2 = À0.4 V);h owever,t he PEC experiment proved that it actually worked, probably owing to the Table 2 . Time constants obtained from global fits of the femtosecondT A data of PB-1 and PB-2 on NiO (valuesi np arenthesesr efer to the relative amplitudesat6 25 nm probe wavelength). Samplemore negative reduction potential of E Co 2þ=1þ in aqueous solution as compared to that in acetonitrile solution.U nfortunately, we could not obtain the precise potential data in aqueous solution owing to the extremely poor solubility of PB-2 in water. Because al ow pH is favorable for improving the proton kinetics at the same bias potential; the photocurrentw as found to be higheri nt he acetate buffer than in the phosphate buffer.I t seemst hat in the phosphate buffer there is ac onsiderable fast charger ecombination process upon light illumination from the observable current "spikes" when the light turns on (Figure 14 b) . Fast charge recombination betweent he injected electrons and the reduced catalyst resultsi ni nsufficient electron transportation to the counter electrode, consequently showingd ramatic decays in photocurrent. The hydrogen productionw as qualitativelyd etected in situ fort he PB-2-based PEC cell in both buffer solutions. The data is shown in Figure 15 . Ah igher amount of H 2 and ah igherp hotocurrent was obtained in the solution at pH 4.8 than in the solution at pH 6.8. The performance of photoelectrode [PB-2], prepared by the in situ click reaction, was tested in both the acetate and phosphate buffer; it showed the same behavior as the PB-2-sensitized photocathodes.A fter 1000 sp hotoelectrolysis,t he PB-2-based NiO photocathode produced approximately 2.5 nmol hydrogen. To calculate the turnover number (TON), we estimated the PB-2 dye loading amount in the active area of the electrode to be approximately 5.0 10 À8 mol, by making an assumption that the molar absorption coefficient of the dye is the same in solution and on the NiO film. The TON was estimated to be 0.05. Notably,t he first light response shows very high photocurrent0 .2-0.3 mA cm À2 ;h owever,t he subsequent responses were much lower.T he lower photocurrent after the subsequentr ounds of light exposure could be explained by three possible scenarios: i) PB-2 could desorbq uicklyf rom the NiO surface during the photoreaction.
ii)T he initial configuration of PB-2 on NiO is favorable for catalyst reduction;h owever,u pon light illumination and charge transfer,t he configurationo fPB-2 is changed by the aforementioned molecular twisting. iii)T he initial high currentr esponse could mainly come from the reduction of Co 3 + to Co 2 + ,b ecause the driving force of electron transfer from the reduced dye to the first reduction step of the catalyst is much higher than that from the reduced dye to the second reductionofC o 2 + to Co 1 + . To check hypothesis (i), UV/Vis absorption spectra of PB-2 on the NiO surfacewere obtained before and after photoelectrolysis (1 h) with an appliedp otential of 0V vs. Ag/AgCl in both buffer solutions ( Figure S9 a) . There was no significant change in the absorption spectra,which indicated that more than 80 % of PB-2 remained on the NiO film. After the PEC test, the absorptiono ft he electrolyte was also recorded (Figure S9b) , showingan egligible amount of dye in solution. However,t he HAXPESa nalysis (sectiono np hotoelectron spectroscopy) indicated that 60 %o fPB-2 is degraded/desorbed during 10 min of photoelectrolysis, which provides two pieces of information. Firstly,i ti sh ard for the electrolyte to infiltrate into the deeper pores in NiO, causingt he degradation of the PB-2 molecules only located at NiO/electrolyte interface. The degradation/desorptiono ft he dye andt he poor infiltration of the electrolyte in the NiO films should be responsible for the unsatisfactory TON number.U sing ac o-absorbent to change the hydrophilicity of the NiO film could be ag ood strategy to increase the performance of this kind of photocathode. Secondly,t he initial rapid decrease of the photocurrenti sc learly not mainly from the dye degradation, because 30 %o fPB-2 remained after 10 min of photoelectrolysis, whereast he initial current decreased from 350 mAcm À2 to 25 mAcm À2 (7 %r emaining) during only 40 s. Therefore, ac ombination of hypotheses (ii) and (iii)c ould explain the lower photocurrenta fter the subsequent rounds of light exposure. Hypothesis (ii)i sp artly proven by the resultsr eported in the sections on time-resolved fluorescencea nd transient absorption spectroscopy.I ft he hypothesis (iii)i sc orrect,t he PEC experiment also suggests that the catalystw ould not return to Co 3 + after the subsequent catalytic proton reduction by Co 1 + ,w hich would give us useful information about the photocatalytic behavior of PB-2 on NiO film.
Photoelectron spectroscopy
High-resolution HAXPESw as carried out to monitor the possible structuralc hange of PB-2 on the electrodes before and after the PEC measurement (10 min) in pH 4.8 with 0Vbias potential (PB-2 # ). Figure 16 represents high-resolution HAXPES spectra of the S2p, Co 2p and Cl 2p core-level peaks of PB-1, PB-2,a nd PB-2 # ,r espectively.T he pc ore-level spectra always resolve the p 3/2 and p 1/2 contributions andt heir bindinge nergy difference were approximately 1.2, 1.6, and 14.9 eV for S2p, Cl 2p, and Co 2p, respectively.W eo nly refer to the binding energy of the 2p 3/2 peak in the resto ft his discussion. As expected, the spectrao fPB-1 do not exhibit any Co and Cl peaks, and the S2ps pectrum shows ac ontribution at approximately 164.4 eV,w hichw eattributed to the thiophene group present in the dye. [56] After additiono ft he catalyst to the dye, the S2ps pectrum is very similar,w hereas the Co 2p (main peak at ca. 781.0 eV) andC l2p( ca. 197.9 eV) components appear,s howingt he presence of the catalyst togetherw ith the dye.
After photoelectrolysis of PB-2,t he S2pa nd Co 2p core peaks are still present, although the intensities of S2pa nd Co 2p in PB-2 # are reduced as compared to those in PB-2. From the previous UV/Vis experiment ( Figure S10 a) , we did not see significant differences between PB-2 and PB-2 # .B ecause HAXPES is sensitivet ot he outermost surface of the substrate, the decrease in intensity reflects some desorption in this parto ft he spectra, whereas the bulk of the electrode is largely unaffected, probably owing to the poor infiltration of the electrolyte into deeper pores of the NiO film. Notably,a l- Figure 16 . S2p, Co 2p, and Cl 2p core level peaks of PB-1 (dye), PB-2 (dyewith catalyst), and PB-2 # (PB-2 after electrolysis) recorded with aphoton energy of 2100 eV. thought he signal for cobalt is still observed, no chlorine was detected for PB-2 # (Figure 16 c) . Based on the relatively small amountso fc obalt, it is hard to resolve anyd ifferences in the valence of the catalysto nt he electrode after PEC. From the previoush omogeneous catalysis study,t he chlorine should be released during the catalyst reduction period [57] and the final Co I catalyst should not have any chlorine as an axial ligand. Based on the core-level data, there is strong evidence that the chlorine is released during the catalytic reaction when adsorbed on the surfacea nd that this provides the active site for proton reduction.Accordingt othe previously reported mechanism for proton reduction of the cobaloxime in ah omogeneous system [57] [58] [59] [60] [61] [62] as well as the new findings in this work, we can propose aw orkingm echanism of our dye-catalyst system (PB-2)o naNiOsurfaceinaPEC cell (Scheme 3).
Conclusions
We have designed and synthesized an organic dye covalently linked to cobaloxime catalyst (PB-2)b yt he facile "Cu-free" click reaction. The click reaction rate constant was determined to be k = 3s
,c orrespondingt oasecond order kinetic model.T he in situ synthesis of PB-2 from pre-adsorbed PB-1 dye on NiO is also feasible. PB-2 was adopted as an ideal system to investigate the charget ransfer competition processes between hole injection and catalyst reduction when the dye and catalyst are covalently linked on ap hotocathode for dyesensitized solar fuel devices. Time-correlated single photon counting and streak camera fluorescencem easurements have concludedanear unity hole injection efficiency from excited PB-2 to NiO VB and am ore than 90 %i ntermolecular charge transfer for catalystr eduction from the excited PB-2 on ZrO 2 . According to femtosecond transienta bsorption spectroscopy measurement, hole injection from the excited PB-2 into the NiO VB takes place on dual timescales, with t % 1psa nd t % 30 ps, and the reduced PB-2 then donates an electron to the catalystu nit with ar ate constant of approximately 3 10 9 s À1 . The subsequent regeneratione fficiency of the PB-2 by the catalyst (also called the efficiency of catalyst reduction) is determined to be approximately 75 %. The efficient catalystr eduction by the excited dye could be explained by the long lifetime of the excited state and the large overpotential to reduce the catalystfrom the excited state. This result suggests that the excited dye is an ideal species to reduce the catalyst owing to its longer lifetimea sc ompared to the reduced dye in this system; therefore, slowing down the hole injection to make the catalyst reduction happenf irst could be ag ood strategy to increase the efficiency of catalystr eduction, thus improving the proton reduction.A fter the secondary light-driven reduction process, the catalysti ss ubsequently active to perform proton reduction.P hotoelectrochemical (PEC) experimentss howed the ability of the PB-2-based NiO photocathode to photochemically produce hydrogen in both acetate and phosphate buffers at pH 4.8 and 6.8, respectively.The resultsofphotoelectron spectroscopy showed that the chloride ligands in the catalyst are completely released after the light-driven catalystr eduction/hydrogen evolution process and never re-coordinate after the catalytic reaction. Aw orkingp rinciple is therefore proposed, which suggestst wo possible pathways for the lightdriven catalytic reaction of PB-2 on the NiO photocathode. Although the electron transfer processes of PB-2 on NiO are all favorable to render ag ood photocathode, the photocurrent still cannotc ompare with that of state-of-the-art photoanodes, probablyo wing to the poor second electron reduction of the catalysta nd/or the poor/slow protonr eductiona bility of the cobaloxime catalyst. Therefore, developing new dyes with effiScheme3.The proposed working mechanism of PB-2 on NiO in aPEC cell. cient charget ransfer to reduce cobaloxime into ar eal catalytic state and/oru sing am ore efficient proton reduction catalyst insteado fc obaloxime is definitely ag ood strategy to boost the photocurrent of the photocathode in aP EC cell. Moreover, using ac arbon dioxide reduction catalysti nsteado faproton reduction catalyst in PB-2 could also create ap hotocathode for light-driven carbon dioxide reduction. The relevanti nvestigationsare ongoing in our group.
